Longstanding assumptions regarding the integrity of species are increasingly coming under challenge as we begin to comprehend the extent of gene flow between species ([@r1], [@r2]). Several cases have now been reported where large portions of the genome have been exchanged between closely related species ([@r1], [@r3]) and, on occasion, with more distantly related taxa ([@r4]). Lepidoptera have been useful in exploring the dynamics of hybridization ([@r5]), with invasive species in particular offering a rare opportunity to follow the formation of novel ecotypes following secondary contact. Some lepidopteran species are major agricultural pests among which lateral gene transfer could have significant implications for adaptive traits such as pesticide resistance and host range, and therefore, for agricultural production. The recent spread of the cotton bollworm, *Helicoverpa armigera*, into South America presents such a threat ([@r6], [@r7]).

*H. armigera* is a significant pest of diverse agricultural and horticultural crops throughout temperate and tropical regions of Asia, Europe, and Africa (subspecies *H. armigera armigera*), as well as Australasia (subspecies *H. armigera conferta*). Chemical pesticides and genetically modified crops expressing insecticidal proteins have been widely used to control outbreaks, but the moth has shown a remarkable propensity to develop resistance to many pesticide classes ([@r8]); it is claimed to be responsible for more reports of resistance than any other agricultural pest ([@r9]). Adult *H. armigera* are also adept at long-range, facultative migration ([@r10][@r11]--[@r12]), and so far the species shows little evidence for population structure below the subspecies level ([@r13]), enabling the rapid spread of resistance. In 2013, it was discovered that *H. armigera* had become established in Brazil ([@r6], [@r7], [@r14]), and while the origin of the incursion is still debated, previous analyses have implicated several source populations that were likely facilitated by international trade ([@r13], [@r15]). Since then, *H. armigera* is estimated to have caused annual crop losses averaging \$1 billion in Brazil alone ([@r16], [@r17]), with losses set to increase as the species spreads through South, Central, and potentially North America ([@r18]).

It is estimated that *H. armigera* previously entered the Americas ∼1.5 Mya, leading to the formation of the closely related sister species *Helicoverpa zea* ([@r19], [@r20]). While the two species remain similar in many respects, *H. zea* has a narrower host range and lower propensity to develop pesticide resistance. Recent work by the *Helicoverpa* genome consortium ([@r20]) has suggested that these differences result, in part, from *H. zea* possessing fewer gustatory receptor and detoxification genes. Thus, one of the major concerns following the recent invasion of *H. armigera* is that it will hybridize with *H. zea*, introducing genes associated with pesticide resistance and host range expansion. Evidence in the field has thus far fallen short of unequivocal identification of hybridization ([@r13], [@r21]), although high levels of synteny between the two species' genomes suggest that genomic compatibility is likely ([@r20]). Hybridization in the laboratory has been demonstrated previously ([@r22], [@r23]); Laster and Sheng ([@r24]) specifically demonstrated that there were no instances of sterility in reciprocal crosses inbred for two generations or in lines backcrossed for four.

Other *Helicoverpa* species in the heliothine mega-pest lineage that have been classified as pests include the early diverging *Helicoverpa punctigera* in Australia ([@r12]), *Helicoverpa assulta* in much of the Old World ([@r12]), and *Helicoverpa gelotopoeon* in South America ([@r25]). These three species vary considerably in their host range and resistance to pesticides ([@r26]), while the closely related *Helicoverpa hardwicki* persists on a relatively specialized diet and is restricted to northern Australia ([@r22]). The natural capacity for gene flow among these species and with *H. armigera* or *H. zea* is not well understood, but hybridization has also been suggested between *H. armigera* and *H. assulta* under laboratory conditions ([@r23]).

Here we use whole-genome resequencing to screen for hybridization and introgression among the six *Helicoverpa* species named above. We find little population structure within *H. armigera* or *H. zea*, other than a separation between the two subspecies of *H. armigera*, and no evidence of hybridization involving the other four species. Importantly, we find unequivocal evidence of hybridization between *H. armigera* and *H. zea* in South America. This involves all 31 chromosomes, although the chromosomal regions involved vary widely among individuals. Most cases involve introgression of large genomic regions from *H. zea* into a substantially *H. armigera* genetic background. However, one individual that more closely resembles *H. zea* is nevertheless homozygous for significant genomic regions from *H. armigera*, including ones previously associated with host use and insecticide resistance ([@r20]). The data highlight the potential for novel *Helicoverpa* ecotypes to form and spread in South America, presenting new challenges to agriculture in the region.

Results and Discussion {#s1}
======================

Relationships Among Taxa and Evidence for Hybrids in Brazil. {#s2}
------------------------------------------------------------

A phylogeny constructed from fourfold degenerate (4D) autosomal sites in 76 individuals from across the six *Helicoverpa* species named above recapitulates the relationships previously demonstrated by Cho et al. ([Fig. 1](#fig01){ref-type="fig"}) ([@r26]). Additionally, this phylogeny and a more targeted analysis of only *H. armigera* and *H. zea* ([Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)) show that nine individuals from Brazil are scattered between the major *H. armigera* and *H. zea* lineages, with eight closer to the former and the ninth closer to *H. zea*. The first eight of these individuals had previously been classified as *H. armigera* and the ninth as *H. zea* on the basis of mitochondrial sequence data ([@r15]). Although the two subspecies of *H. armigera* are generally discrete, any further distinction among the diverse geographic samples of *H. armigera* is poorly supported and likely reflects a complex history of migration and gene flow within subspecies. The data suggest that these nine Brazilian individuals may be hybrids, albeit with varying degrees of genetic admixture, and that *H. armigera armigera* was the source of the Brazilian incursion ([@r13], [@r15]). This interpretation is also borne out in the corresponding phylogenies for Z chromosome sites ([Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)).

![Maximum likelihood phylogenies for all six *Helicoverpa* species, calculated using 4D SNPs across autosomes. Interior nodes marked with a black circle represent bootstrap support greater than 50%.](pnas.1718831115fig01){#fig01}

Application of the F~3~-test to estimate signals of contemporary gene flow among the six species found evidence for genetic exchange only in a single comparison ([Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)). This instance, where the nine Brazilian individuals in question were the target population and *H. armigera armigera* and *H. zea* from the United States (which *H. armigera* had not penetrated at the time) were sources, yielded a negative *f*~3~ (−0.009, Z = −7.775), indicative of gene flow. Henceforth, we refer to these individuals as the "Brazilian hybrids."

We then examined the relationships between *H. zea* and the *H. armigera* subspecies using the variance in allele frequencies among subpopulations relative to the global variance (*F*~ST~) ([Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental) and [Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)) as a prelude to principal component analysis (PCA) ([Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)) and admixture analysis ([Fig. S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental) and ref. [@r27]) to further investigate the affinities of the Brazilian hybrids. The *F*~ST~ analysis, which excluded the Brazilian hybrids, showed significantly lower *F*~ST~ values between *H. armigera armigera* and *H. armigera conferta* than between either subspecies and *H. zea* (*P* \< 0.001). Interestingly, the values in all three of those comparisons are slightly, but significantly, higher (*P* \< 0.001) for the Z chromosome than for autosomes, indicating increased evolutionary rates in the former ([@r28]). The PCA separated *H. zea* from *H. armigera* on principal component 1 (PC1) and clearly distinguished clusters representing both *H. armigera* subspecies on principal component 2 (PC2). Consistent with the phylogenies above, most of the Brazilian hybrids fall between *H. armigera armigera* and *H. zea* but lie closer to the former, while a single individual has closer affinity with *H. zea*. As is consistent with both those analyses, admixture analyses show strong differentiation between the two species, which is supported by the lowest cross-validation (CV) error of any assessed, when the number of populations (K) is two. When K = 3, it is clear that the Brazilian hybrids are derived from *H. armigera armigera* and *H. zea*, while Australian *H. armigera conferta* forms a discrete cluster.

We then employed an outgroup F~3~-test to examine which of the sequences within *H. armigera armigera* yielded the highest scores, indicative of the most shared genetic history with Brazilian hybrids. We found that the Brazilian hybrids most resemble the four European individuals, with several African samples presenting broadly comparable but somewhat smaller values for *f*~3~ and followed by Asian individuals that yielded lower values still ([Fig. 2](#fig02){ref-type="fig"}).

![Outgroup *f*~3~ statistic for the model *f*~3~ (*H. armigera conferta*; Brazilian hybrids, x), demonstrating shared genetic drift between Brazilian hybrids and individual *H. armigera armigera* (x). Error bars represent SEs.](pnas.1718831115fig02){#fig02}

Genetic Diversity and Effective Population Size. {#s3}
------------------------------------------------

Several recent studies have found unusually high levels of genetic variation both within native populations of *H. armigera* and within the *H. armigera* that have been introduced into South America ([@r13], [@r15], [@r29]). Our own calculations of average genome-wide nucleotide diversity ([Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)) concur that *H. armigera armigera* and *H. armigera conferta* are unusually polymorphic in autosomal regions (0.008 and 0.010, respectively). Their values are in excess of those of the other species (0.004--0.005) even when randomly subsampled for equivalency (*n* = 2) ([Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)). As is consistent with the findings of Tay et al. ([@r15]), who documented several mitochondrial haplotypes from *H. armigera armigera* among Brazilian individuals, our autosomal value for the Brazilian hybrids is also high (0.009). This indicates that the incursion of *H. armigera* into Brazil had the potential to introduce considerable genetic variation via the generation of highly polymorphic hybrids.

We then inferred the historical population dynamics for each of our taxa by applying PSMC software ([@r30]) to consensus genotype calls representing all samples for each of the *H. armigera* subspecies (excluding the Brazilian hybrids) and the five other species. We calculated that effective population size (Ne) was around 7,000--15,000 for both *H. armigera* subspecies and all four of the other species 100 kya ([Fig. 3](#fig03){ref-type="fig"}). Ne then appears to have grown substantially for both *H. armigera* subspecies and *H. punctigera*, with *H. armigera armigera* peaking at ∼2,800,000 ([Fig. S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)). By contrast, Ne for all other species, including *H. zea*, declined over the same period, with all estimates for more recent populations having fallen below 5,000. It is possible that these latter estimates are biased downward because of their smaller sample sizes ([@r31]); therefore we subsampled the two *H. armigera* subspecies. While this did indeed reduce the Ne estimates for the most recent populations of the subspecies \[∼74,000 and 43,000 for *H. armigera armigera* (*n* = 6) and *H. armigera conferta* (*n* = 5), respectively\], they remained considerably higher than those of the other species.

![Averages of 100 PSMC bootstrap estimates of effective population size for all species. The hybrids were not included in this analysis.](pnas.1718831115fig03){#fig03}

We conclude that *H. armigera* has had a large population capable of harboring considerable genetic diversity for many generations and that the size of the hybrid population subsequently formed has been sufficient to retain much of that variation.

Evidence of Selection Within *H. armigera*. {#s4}
-------------------------------------------

Given the species' spectacular success in exploiting diverse agricultural systems, genes subject to recent selective sweeps in *H. armigera* would also be good candidates for variants of adaptive value in hybrids ([@r32]). We therefore used SweeD ([@r33]) to calculate the composite likelihood ratio (CLR) indicative of regions undergoing selective sweeps for all *H. armigera* samples (excluding the hybrids) ([Fig. 4](#fig04){ref-type="fig"} and [Table S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)). Only a single sweep was observed in *H. armigera armigera* that was perhaps due to the geographically diverse nature of our samples for that subspecies, meaning only selection common to all the various geographies represented would likely be detected. Importantly, the region found to be swept, a 90-kb stretch containing seven genes half-way along chromosome 16, was also identified as having experienced a selective sweep in *H. armigera conferta*, suggesting it was of very general adaptive value for the species. Other regions found to be subject to selective sweeps in *H. armigera conferta* ([Table S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)) (which has a significantly smaller geographic range) include one containing a cytochrome P450 gene on chromosome 15 (*CYP337B3*) that is associated with resistance to the insecticide fenvalerate ([@r9]). This is not the first evidence for selection at the *CYP337B3* locus in *H. armigera*, with previous analyses demonstrating independently derived alleles that have risen to high frequencies in Asian and African populations of *H. armigera armigera* following historical exposure to fenvalerate ([@r13]). European *H. armigera armigera* contain both the African and Asian *CYP337B3* variants, and, notably in the current context, the Brazilian hybrids all possess the Asian variant of that gene ([Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)).

![CLR plots screening for selective sweeps in (*A*) *H. armigera armigera* and (*B*) *H. armigera conferta*, where the significance thresholds are 36.6 and 34.9, respectively, as shown by dashed lines.](pnas.1718831115fig04){#fig04}

The Genetic Composition of the Hybrids. {#s5}
---------------------------------------

We used a version of the D statistic, f~D~ ([@r34]), to identify genomic regions that appear most *H. zea*-like in the Brazilian hybrids. Values of f~D~ calculated for 10-kb windows were plotted for each hybrid and unadmixed representatives of *H. armigera armigera* and *H. zea*. The data derived from each individual are plotted in [Fig. 5](#fig05){ref-type="fig"}, and data for some additional unadmixed individuals are shown in [Fig. S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)). Unadmixed individuals have f~D~ values around zero for *H. armigera armigera* (e.g., individual A in [Fig. 5](#fig05){ref-type="fig"}) or tending toward 0.8 for *H. zea* (e.g., individuals B and C, from Brazil and the United States, respectively). By contrast, the hybrids (individuals D--L) present highly variable patterns.

![Profiles of f~D~ values calculated for 10-kb nonoverlapping windows across the genome for individuals A--L. Individual A is a European *H. armigera*. Individuals B and C are *H. zea* from the United States and Brazil, respectively. Individuals D--L are Brazilian hybrids, and their profiles provide evidence for hybridization between *H. armigera* and *H. zea*. Individual-specific metadata, including mitochondrial genotypes, are listed in [Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental).](pnas.1718831115fig05){#fig05}

Eight of the nine hybrids (D--K) appear to be the products of initial hybridization between *H. armigera* and *H. zea* followed by varying degrees of backcrossing into predominantly *H. armigera* backgrounds. This results in f~D~ profiles across the genome that generally resemble that of *H. armigera* but are interspersed with more *H. zea*-like spikes. Although we find evidence of hybridization on all chromosomes, those bearing f~D~ spikes vary widely among the different hybrids, suggesting different histories of recombination and introgression following the initial hybridization event(s). All individuals except E have several relatively broad regions derived from *H. zea* (between three and nine, each peaking around f~D~ values of ∼0.4), with some extending across hundreds of kilobases and even entire chromosomes (e.g., chromosome 14, 9.9 Mb in individual D of [Fig. 5](#fig05){ref-type="fig"}). The f~D~ profile across the genome of individual E differs, in which we observe more numerous but generally smaller spikes that are likely representative of a longer hybrid ancestry, providing more opportunity for recombination to break up blocks of *H. zea* DNA.

As each of these eight individuals appears to have undergone hybridization followed by several generations of backcrossing with *H. armigera*, we sought to determine the proportion of each of the eight genomes that was ancestrally derived from *H. zea*. We used 127,880 SNPs that strongly segregated between the two parent taxa to calculate the proportion of alleles derived from *H. zea*, which we found ranged from 2.0% in individual K to 8.9% in individual D. Multistratum permutation analysis of average chromosomal f~D~ demonstrated no significant difference (*P* \> 0.05) among chromosomes in the proportions of *H. zea*-derived DNA; although the small sample size limits the sensitivity of this analysis, our results suggest there are no major differences among the chromosomes in the persistence of introgressed material since hybridization.

The genome of the ninth hybrid, individual L ([Fig. 5](#fig05){ref-type="fig"}), has significantly more *H. zea* DNA than would be expected in an F1 hybrid of *H. armigera* and *H. zea*, with 51.4% (*P* \< 0.001) of its genome derived from the latter. Values of f~D~ generally fell approximately midway between the reference values for the two parent species; however, a few regions approached values seen in reference *H. zea*. A sliding-window plot of a hybrid index (HI) ([@r35]) confirmed that most of the genome comprised alleles from both parent taxa, with stretches clearly homozygous for *H. zea* DNA as well as some small but significant signals of *H. armigera* homozygosity ([Fig. 6](#fig06){ref-type="fig"}). A parsimonious interpretation of the pedigree of this individual would involve parents which were both hybrids, one with a majority of *H. zea* DNA and the other with a smaller majority of *H. armigera* DNA.

![HI across 250-kb windows for individual L, highlighting homozygosity indicating previous hybridization. SNPs segregating strongly between *H. armigera armigera* and *H. zea* were used to infer ancestry of individual L (black and gray), while calculations using all *H. armigera armigera* and *H. zea* (red and blue, respectively) are plotted for reference. Windows are considered significantly different from 0.5 where HI is above 0.598 or below 0.4375 (*P* \< 5 × 10^−7^). The arrow highlights the lowest value of HI for individual L.](pnas.1718831115fig06){#fig06}

The regions of homozygosity in individual L (listed in [Table S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)) include tracts of *H. zea* DNA with significantly high HI values totaling about 7.75 Mb over several chromosomes, with the largest stretch occurring over 2.75 Mb of chromosome 27. A few other windows demonstrate significantly low HI, with the lowest occurring at the beginning of chromosome 20 (HI = 0.42), highlighting a short (∼11 kb) stretch of homozygosity derived from *H. armigera*. This region is notable for containing genes encoding a clade 16 detoxifying esterase and two gustatory receptors that have been implicated in host use ([@r20]). HI was also low (0.45) where we observed the selective sweep on chromosome 16 in *H. armigera armigera*, although this was not considered statistically significant. The HI analysis also failed to identify significant levels of *H. armigera* homozygosity in the region encompassing the *CYP337B3* fenvalerate-resistance gene (HI = 0.48) which had been subject to a selective sweep *in H. armigera conferta*, but targeted analysis using Sanger sequencing of PCR products demonstrated that this individual was homozygous for this gene ([Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental)).

As noted, eight of the nine hybrids were previously classified as *H. armigera* and the ninth as *H. zea* by Tay et al. ([@r15]), who sequenced mitochondrial DNA. Five other individuals also collected from Brazil in the same year, which Tay et al. ([@r15]) classified as *H. zea* from their mitochondrial sequences, all proved to have pure *H. zea* nuclear genomes in our analysis. By contrast, no Brazilian individuals that Tay et al. ([@r15]) had classified as *H. armigera* were found to have pure *H. armigera* nuclear genomes in our analysis. Overall, these data indicate that females of both parent species have given rise to fertile hybrid lineages, but they leave open the question of whether the mitochondria from the two parent species differ in their effects on the fitness of the hybrids.

Conclusions {#s6}
===========

The repeated introduction of one of the most significant agricultural pests in the Old World into South America is clearly cause for concern. *H. armigera* appears to be unlike the other *Helicoverpa* species in that it possesses relatively high genetic diversity, likely contributing to its very high adaptive and invasive capacities. A population with European origins is clearly part of an ongoing, multigenerational hybridization with *H. zea* in a region of the New World that contributes a significant proportion of the world's crops. It is too early to reliably detect signals of selection in the resulting hybrids, but clear evidence for the transfer of a wide range of *H. zea* genes into *H. armigera* backgrounds and *H. armigera* genes related to host use and pesticide resistance into an *H. zea* background is already apparent. Ongoing evolution in hybrid populations could generate new ecotypes in which features of the *H. zea* genome that may be important to adaptation in the New World are retained alongside genes from *H. armigera* that are capable of augmenting its properties as a pest.

Future analyses of South American samples could provide insight into the progression of hybridization and potential for displacement of *H. zea* as a discrete species. Given the variation in introgressed regions observed, monitoring populations using genes that are likely under selection, such as *CYP337B3*, offer the highest throughput and most relevant way to follow the spread of *H. armigera* genotypes across the Americas. Given increased trade-associated movements of *Helicoverpa* around the world, we should also be prepared to see genetic variation originating from *H. zea* appearing in Old World *H. armigera*.

Methods {#s7}
=======

Sample Collection and DNA Extraction. {#s8}
-------------------------------------

Heliothine moths were collected between 2004 and 2014 from 16 countries and included 52 that had previously been classified as *H. armigera*, 10 previously classified as *H. zea*, seven *H. punctigera*, four *H. gelotopoeon*, two *H. assulta*, and one *H. hardwicki*. Those classified as *H. armigera* included 22 from Australia and New Zealand \[conventionally designated as *H. armigera conferta* ([@r22])\], 22 from seven countries in Asia, Europe, and Africa \[designated as *H. armigera armigera* ([@r22])\], plus eight collected from Brazil in 2013, which had been identified previously using mitochondrial markers ([@r15]) but which we show herein are actually hybrids with *H. zea*. The 10 *H. zea* moths included six collected from Brazil in 2013 identified as such from mitochondrial markers ([@r15]), one of which we show here is a hybrid with *H. armigera armigera*, plus four from the United States in 2004 that are considered to be geographically and temporally isolated from the current *H. armigera* invasion ([@r15]). There was no heteroplasmy in mitochondrial DNA among Brazilian hybrids, thereby eliminating the possibility that contamination contributed to any potential signals of hybridization ([@r15]). Sample collection data are listed in [Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental); all samples were preserved in ethanol/RNAlater or stored at −20 °C following collection. DNA was extracted using DNeasy blood and tissue kits (Qiagen) before quantification with a Qubit 2.0 fluorometer (Thermo Fisher Scientific).

Genome Resequencing and SNP Genotyping. {#s9}
---------------------------------------

Nextera (Illumina) libraries were produced following the manufacturer's instructions, and 100-bp paired-end reads were generated (Illumina HiSeq. 2000, Biological Resources Facility, Australian National University, Australia). Sample and sequencing data are included in [Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental). Raw sequence reads were aligned to the *H. armigera* genome using BBMap v. 33.43 ([sourceforge.net/projects/bbmap/](http://sourceforge.net/projects/bbmap/)). Reads were trimmed when quality in at least two bases fell below Q10, and only uniquely aligning reads were included in the analysis. Resulting BAM files were sorted before duplicate reads were removed, and files were annotated using Picard v. 1.138 ([broadinstitute.github.io/picard](http://broadinstitute.github.io/picard)) before indexing with SAMtools v. 1.1.0 ([@r36]). UnifiedGenotyper in gatk v. 3.3-0 ([@r37]) was used to estimate genotypes across all individuals simultaneously, implementing a heterozygosity value of 0.01. VCFtools ([@r38]) was used to calculate mean coverage statistics for each sample.

Phylogenetic Analyses. {#s10}
----------------------

A reduced SNP file consisting of 4D sites, which are essentially neutral ([@r39]), was used to derive phylogenetic and population structure end points. We annotated SNPs using SnpEff v. 4.0 ([@r40]) with default parameters to create a database before transferring annotations from the genome ([@r20]). Bases were then selected as in Martin et al. ([@r41]), where the first and second codon positions were invariable, providing us with 1,015,455 SNPs.

RAxML v. 8.2.10 ([@r42]) was used to plot phylogenetic trees for both the Z-chromosome and autosomes of all individuals, implementing a generalized time-reversible model of sequence evolution. The best topology was selected from 20 maximum likelihood searches, and its statistical support was assessed with 100 bootstrap pseudoreplicates. When only *H. armigera* and *H. zea* were used to construct a phylogeny, RAxML ([@r42]) was invoked using the -N autoMRE -f a -x options for autosomes and the Z chromosome, resulting in 600 and 804 rapid bootstrap searches, respectively, before a thorough maximum likelihood search.

Population Structure. {#s11}
---------------------

We used markers from all chromosomes simultaneously for analysis of population structure in *H. armigera* and *H. zea*. EIGENSOFT v. 6.0.1 ([@r43]) was used to perform PCA. A Tracy--Widom distribution was used to infer statistical significance for principal components, with a threshold of 1 × 10^−12^. The admixture software ([@r27]) was implemented using default parameters over K-values ranging from 1 to 10, with cross-validation enabled. Results were plotted using Distruct2.pl ([www.crypticlineage.net/pages/distruct.html](http://www.crypticlineage.net/pages/distruct.html)).

A more complete dataset was used for subsequent analyses, whereby phasing and imputation of missing bases was performed on all SNPs from all samples using default parameters in Beagle ([@r44]). Linkage disequilibrium (LD)-based pruning conducted using PLINK v. 1.07 ([@r45]) was used to filter one of a pair of SNPs using a pairwise LD threshold (*r*^2^ = 0.5) within windows of 50 SNPs, moving forward five SNPs per iteration, resulting in 22,790,059 SNPs.

Selective sweeps in each *H*. *armigera* subspecies were detected by calculating CLRs from allele frequency data using SweeD ([@r33]). SweeD was run for each chromosome with a grid size of 1,000 blocks, and analyses were continued only where CLRs over 30 were observed. A significance threshold was calculated for both subspecies of *H. armigera* ([@r13]) using the inferred effective population size histories as detailed by the pairwise sequentially Markovian coalescent (PSMC) analyses as the basis of MSMS (v. 1.3) simulations ([@r46]), opting for 100 simulated datasets over 1 Mb. In addition, nonnegative, weighted *F*~ST~ was calculated across 10-kb windows (≥50 SNPs) in autosomes and the Z chromosome for *H. armigera* and *H. zea* using VCFtools v. 0.1.14 ([@r38]). *H. armigera* subspecies were randomly downsampled to *n* = 9. Average nucleotide diversity was also calculated for each species using VCFtools v. 0.1.14 ([@r38]), using both the full data and following random downsampling, where *n* = 2. The extent of variation between species was examined with the *t* test function in R v. 3.4.3 ([@r47]).

Demographic Inference. {#s12}
----------------------

We used the PSMC software ([@r30]) to gain insights into historical differences in effective population size. The diploid consensus required by PSMC was generated from the mpileup command (-Q 20 -q 25) of SAMtools ([@r36]), followed by the bcftools call command for all samples from each species as well as subspecies of *H. armigera* (excluding the Brazilian hybrids). Vcfutils.pl (d 5 -D 34 -Q 25) was employed to prepare the data for PSMC. We used fq2psmcfa from the PSMC package on whole-genome consensus diploid sequences to create the input file before running PSMC (-N25 -t15 -r5) with the partition 6 + 2 × 4 + 3 + 13 × 2 + 3 + 2 × 4 + 6. Raw PSMC outputs were scaled to time and population sizes assuming a generation time of 0.25 y and a mutation rate of 2.9e^−09^ ([@r48]), plotting the average over 100 bootstraps.

Tests for Admixture. {#s13}
--------------------

To evaluate the possibility of admixture across the *Helicoverpa* phylogeny, we calculated the *f*~3~ statistic for all possible three-species combinations using AdmixTools v. 3.0 ([@r49]). Only trios where *f*~3~ is negative are indicative of admixture between two source populations against a resulting target population. To populate a tree-like scenario for the estimation of gene flow between sister taxa, populations with more than two individuals were split randomly into two groups, and *f*~3~ was calculated for all sister taxa and also for species that shared geographic distributions. All trios used in the analysis are listed in [Dataset S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1718831115/-/DCSupplemental).

As our analyses suggest that the Brazilian hybrids are ancestrally derived from *H. armigera armigera*, an outgroup F~3~-test was conducted to determine which individual *H. armigera armigera* most resembled the hybrids. Under a specific tree-like scenario (outgroup; A, B), the expected value of *f*~3~ will represent the genetic drift shared between populations A and B following divergence from the outgroup ([@r50]). In this instance, we used *H. armigera conferta* from Australia as the outgroup in tests for a shared history between the hybrids (A) and various *H. armigera armigera* individuals (B). The *H. armigera armigera* individuals generating the highest positive values of *f*~3~ will therefore be those most related to the hybrids.

To identify introgressed genomic regions resulting from hybridization between *H. armigera armigera* and *H. zea* in the hybrid individuals, we used a version of Patterson's *D*. The *D*-statistic is a measure of admixture between populations that is robust to biases associated with SNP ascertainment and demographic history ([@r49]). Recent work by Martin et al. ([@r34]) improved the utility of the statistic for calculation across small, kilobase-level regions, terming this variant statistic "f~D~." Our calculation of f~D~ implements a model of \[*H. punctigera*, North American *H. zea*; *x*, *H. armigera armigera*\] where *x* are hybrid individuals or *H. armigera conferta* and *H. zea* not otherwise included in the analysis. The model assumes there is no gene flow between the outgroup and *H. armigera armigera*, but gene flow is permitted between *x* and either *H. zea* or *H. armigera armigera*, which results in positive or negative f~D~, respectively.

We used f~D~ to measure gene flow between individual moths and *H. zea* from United States. This statistic was calculated for 10-kb nonoverlapping windows using functions of the genomics.py script as used by Martin et al. ([@r34]) and plotted using a modified version of qqman ([@r51]). Only windows where the average ABBA and BABA counts were equal to or greater than two were considered. Significant differences between chromosomal averages for f~D~ were investigated using multistratum permutation testing in the R package lmPerm ([@r52]), invoking default settings.

We determined the proportion of the genome in each hybrid individual that was ancestrally derived from *H. zea* using SNPs that strongly segregated between that species and *H. armigera armigera*. These were determined via an association test in PLINK v1.90b ([@r45]), taking only SNPs where *P* \< 3.83 × 10^−14^, thereby limiting the maximum number of alleles shared between the two populations to the equivalent of one full homozygote or two heterozygotes. This resulted in a SNP set of 127,880 SNPs. We calculated the proportion of alleles from *H. zea* for each hybrid using a custom python script, considering the sum of *H. zea* alleles divided by all alleles in the analysis. For individual L, we then tested whether the estimated proportion of its genome derived from *H. zea* was significantly higher than that expected in an F1 hybrid using the variance of a binomial distribution, where *n* = 127,880.

We used a version of the HI ([@r35]) calculated using a custom python script to test for regions of homozygosity indicative of additional historical admixture events across the genome of individual L. HI calculations incorporated the panel of 127,880 segregating SNPs above, with average values for each SNP being inferred for *H. armigera armigera* and *H. zea*, which therefore achieved HI values of ∼0 and 1, respectively. For windows consisting entirely of heterozygous SNPs, synonymous with an F1 hybrid, HI = 0.5. HI was calculated across 250-kb nonoverlapping sliding windows, considering only those windows where there were more than 20 SNPs. Sliding-window averages were plotted using a modified version of qqman ([@r51]). To infer regions that varied significantly beyond neutral expectations, simulations were conducted using 112 SNPs (the average number contributing to a 250-kb window) randomly sampled from individual L. After 100,000 iterations, scores ranged from 0.598 to 0.438, and significance was calculated by dividing alpha (0.05) by the number of simulations with scores above or below these thresholds, respectively.

Hybrid individuals and *H. armigera* controls were screened for the presence of the *CYP337B3* gene as in Joussen et al. ([@r9]). Individual L was screened in triplicate, and heterozygote/homozygote status was determined through relevant band detection on 1.5--2% agarose gel followed by confirmation with Sanger sequencing.
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